This paper presents a numerical investigation on the impact of coal quality on the combustion process in a single-burner furnace under different operating conditions. Simulations were performed for a pilot plant-scale burner, comparing the use of a bituminous coal with a low volatile coal. Comparisons with experimental data show that the model qualitatively predicts the changes in burner performance. Parametric tests are performed to evaluate the importance of the transport airflow and temperature and the background radiation on ignition for both the pilot plant-scale burner and a full-scale burner.
INTRODUCTION
The development of advanced industrial burners and furnaces with higher performance and efficiency and lower pollutant emissions is a major goal of combustion researchers and manufacturers. To realize this goal new technical concepts and approaches for different combustion routes have to be continuously developed. The combustion of low volatile coals, for example, represents a number of technical challenges arising from the difficult nature of the fuel. Traditionally, low volatile coals have been utilized in a specific and expensive arch-fired furnace design with a refractory lined furnace to generate high temperature and therefore facilitate coal ignition. New technologies like fluidized bed combustion, operating at atmospheric (China, Korea, and Russia) or pressurized (Sweden) conditions are already successfully applied for burning anthracite and semi-anthracite coals. Gasification and co-firing with biomass seem to be another promising alternative way of utilizing low volatile coals in the near future. However, economics and increasing competition are forcing the operators of coal-fired power stations to extend the range of coals that the "lowest cost" combustion systems, such as wall-fired boilers, can accommodate. Therefore, the successful use of wall-fired technology for coals with volatile contents of less than 15% d.a.f. is economically justified.
The use of wall (front or opposed) firing relies on the design and performance of swirled burners where coal ignition is usually promoted through the recir-culation zone formed close to the burner. The use of low volatile coals in a swirled burner, therefore, requires the analysis of different factors influencing the flame stability. Computational fluid dynamics can play a significant role in contributing to the development of the design of burners by comparing various burner concepts and furnace arrangements without having to resort to a large number of expensive experimental tests. The main objective of this numerical study is to assess the effect of the main factors influencing the performance of a swirl stabilized burner design, able to fire low volatile coals in a wall-fired furnace.
The achievement of fast and controlled ignition is considered to be the key factor for flame stability when burning low volatile coals. Fast devolatilization can be obtained by the development of a large and strong internal recirculation flow of hot gases coming from the furnace core to the burner. Thus, the ignition point moves closer to the burner, allowing fast volatiles release. The process of fast devolatilization and flame stabilization can also be influenced by the coal's quality and its size distribution. Nakamura et al. (1999) report the utilization of semi-anthracite coal with less than 5% mass over 75 µm. The operational parameters can also be changed to promote a faster devolatilization. In Russia low volatile swirl burners were developed, based on the separation of part of the air/coal mixture (%) and its injection into the furnace via "after burners" (Kaminskii et al., 1997) . Using lower primary airflow with higher temperature improves devolatilization and ignition. The furnace wall temperature close to the burner may also contribute to improve ignition, although in wall-fired furnaces, the walls usually comprise water-cooled tubes.
INVESTIGATED TEST CASES
Two different burners have been investigated in this numerical study, one operating in a pilot-scale furnace (500 kW th , ENEL Produzione, Italy) and another at Figure 1 shows the particle size distribution of the coals, which are similar for the Chinese coal in both tests, while the South African coal is slightly coarser. Following, the test conditions for each of the burners are presented.
kW th Pilot-Scale Test Facility
The single-burner test facility has a 0.84 m square cross section and was modeled as a vertical cylindrical furnace 0.84 m in diameter and 5 m long. In the axisymmetric approximation, the corners of the real furnace, where recirculation pattern is likely to occur, were not included because the objective of the investigation is focused on the near burner region. The furnace has a single burner, placed at its top, with the flame directed downward. The burner consists of a primary air and pulverized solid fuel tube, secondary air tube, and tertiary air tube, arranged concentrically. The inner primary air duct has a cone-shaped deflector, which provides adequate pulverized fuel distribution in the flame. The test cases used in this work were performed for two types of coal. Details of the experimental setup can be found in Constanzi et al. (2001) . The boundary conditions used in the numerical investigations are presented in Table 2 for the Chinese coal and Table 3 for the South African coal. The numerical grid consists of 100 grid points in the radial direction and 107 grid points in the axial direction. The numerical grid is refined in the near burner region in order to take into account both the details of the complex burner geometry as well as the complex fluid interactions resulting from the burner's design.
MW th Full-Scale Burner Test Facility
The full-scale burner facility represents a horizontal furnace with inner dimensions of 6.1 m × 6.1 m, and 17 m long. The burner has a core air tube; primary air and pf tube; and secondary, tertiary, and quaternary air tubes arranged concentrically, and is specially designed for firing low volatile coals. The boundary conditions used in the numerical investigations are presented in Table 4 . Further details of the burner and test facility were provided by Gillespie (2001) .
Calculations were performed considering an equivalent axisymmetric domain as an approximation, with the following dimensions: 3 m in the radial direction and 17 m in the axial direction. The numerical grid consists of 96 grid points in the radial direction and 85 grid points in the axial direction. The total number of control volumes is thus 8160. The pulverized fuel flow distribution in the primary air duct is divided in the radial direction into three sectors with higher mass loading (16.7% to 33.3% to 50%) in the outer sector in order to account for non-uniform coal distribution. Several cases were numerically investigated in order to assess the impact of different factors on the combustion process, and particularly on the devolatilization process. Three cases of different boundary conditions were applied for both burners. The wall temperature, the primary air flow rate, and the primary air temperature were decreased by 10% compared to the reference conditions described above.
NUMERICAL MODEL
The numerical simulations were performed using the CFD-based numerical model (Azevedo and Carvalho, 1995) with modified radiation, devolatilization, and gasphase combustion sub-models. The flow field is solved using the κ-ε turbulence model with the SIMPLER algorithm for velocity-pressure coupling. Transport equations for the mass fractions of seven different species were calculated with source terms defined according to the reaction scheme proposed below. Coal particle combustion is simulated based on a stochastic Langrangian procedure to track the particle trajectories in the flow field. The coupling between the particle and gas-phase calculations is achieved through the definition of mass sources using the PSIC (particle source in cell) approach. Radiation is calculated with the fourth quadrature discrete ordinates method (Jamaluddin and Smith, 1988) .
The devolatilization process is modeled using the chemical percolation devolatilization (CPD) model from Fletcher et al. (1992) , where the detailed mechanisms of devolatilization reactions, including bridge breaking and rearranging, light gas release, tar evaporation, and cross-linking, were considered quantitatively. Therefore, the model predicts not only the rate of volatile release, the yields of the light gas, tar (C x H y O z ) and char, but also the light gas species distribution in volatiles, namely CH 4 , CO, CO 2 , H 2 O, and other light gases (Genetti, 1999) . In the present work, the model prediction of volatile species was coupled with chemical kinetics for the gas species combustion. This approach was applied by Fortsch et al. (1998) , based on the FG-DVC model. In the present study, the tar and other light gases were combined and considered as one chemical species, conditionally named as tar.
The methane and tar were considered to oxidize through two-step global irreversible reactions mechanisms. In the first stage, methane (reaction I) oxidizes into carbon monoxide and water vapor, while tar converts (reaction II) into molecular hydrogen and carbon monoxide. In the second stage, the carbon monoxide (reaction III) oxidizes into carbon dioxide and the hydrogen (reaction IV) into water vapor.
The stoichiometric coefficients for oxygen and the heat of reaction (II) were respectively defined from a mass and energy balance. The reaction rates in kinetically controlled regimes (R kin ) were obtained from Arhenius-type equations and are shown in Table 5 . The reaction rates in mixing controlled regimes (R mix ) were calculated using the eddy dissipation concept (EDC) turbulent combustion model proposed by Magnussen et al. (1978) . According to the EDC, the chemical reactions take place in the smallest eddies only, and the rate of fuel consumption can be expressed in the following form:
where Y min = min (Y fu , Y O 2 /r fu ). The subscript fu stands for CH 4 , CO, H 2 and C x H y O z . The mass fraction occupied by turbulent fine structures γ is expressed as γ = 2.13(νε/κ) 1/4 . The turbulence-chemical reaction interaction was modeled using the series process approach. This approach is appropriate for first-order kinetic rates. The reacting species should mix due to turbulence, and once they are well mixed the kinetics are considered. To avoid calculating the initial composition in the wellmixed zone, the two processes, mixing and reaction, are considered in series and a global rate is defined (Azevedo and Carvalho, 1995 11.08
During heterogeneous combustion, the char particle burns creating carbon monoxide according to the reaction (V) C + 1/2O 2 = CO The char burnout rate is obtained from the apparent surface kinetic and diffusion mass transfer rates. The apparent surface kinetics rate was modeled using a half-order char oxidation rate model (see Table 5 ), where the pre-exponential factor k is defined as a function of the carbon content in the coal (Hurt et al., 1998) .
The particle temperature is calculated from the energy balance equation:
where the heat sources are due to convective (S conv ) heat transfer from the surrounding gas, radiative (S rad ) heat transfer; the heat generated by the char combustion (S char ), and the heat necessary to release moisture (S evap ). The radiative heat source can be calculated in two ways:
1. As a function of the surrounding gas temperature:
2. As a function of the irradiation, calculated by the discrete ordinates radiation model:
The second approach was used for particle temperature calculation in the CFD model. However, the two heat sources were calculated and compared.
NUMERICAL RESULTS

kW th Single-Burner Test Facility Simulations
The numerical results for the flow field and the temperature distribution in the near burner region for the Chinese coal case are presented in Figure 2 . As can be seen from the figure, the primary air/coal flow, after being guided by the deflectors, merges with the swirled secondary and tertiary flows, thus forming a main LOW VOLATILE COAL COMBUSTION 7
gas stream that surrounds the internal recirculation region. Part of the coal flow enters the internal recirculation zone and after the contact with the hotter gases, the pulverized fuel ignites forming an expanded flame in the radial direction. Maximum flame temperature levels up to 1850 o C are predicted in the internal recirculation zone. As a result, the internal recirculation zone becomes large with a predicted length of approximately 1 m.
The predicted flue gas temperatures were compared with the experimental data obtained from ENEL's in-flame measurements (Constanzi et al., 2001 ). Comparisons at different levels are shown in Figure 3 . As can be seen from the figure, the predicted temperature level is in agreement with the experimental data, but at the first port the model predicts some gradients that are not observed in the measurements. The lower temperature calculated at the center of the furnace is a consequence of the larger predicted recirculation, which cools the recirculated gas. The calculated maximum value corresponds to the region of more intense combustion, which cannot be identified from the measurements.
The character of the flow obtained for the South African coal case is similar to the flame obtained burning Chinese coal. The flame is expanded in the radial direction and forms an internal recirculation zone with the same size. The higher volatile content leads to a larger high-temperature region compared to the Chinese coal case. However the maximum temperature obtained is about 60 o C lower than for the Chinese coal, due to the lower heating value and the lower inlet air/coal jet temperature.
The methane mass sources due to the devolatilization predicted by CPD for the two types of coals are compared and their distribution is shown in Figure 4 . It is obvious that in the South African coal case, the higher volatile content leads to higher levels of methane release. For this coal, the volatile release within the recirculation region is larger, as can be observed from the methane mass source distribution in Figure 4b . The particles pass through the burner deflectors and start to release volatiles after contacting the hot flue gases from the internal recirculation zone (IRZ). The particles then follow the main swirled airflow stream and continue to release volatiles around the coal jet at the boundary between the primary and secondary air streams. It can be observed that the ignition also takes place there.
MW th Full-Scale Burner Test Facility Simulations
The numerical results for the flow field and temperature distribution in the near burner region are presented in Figure 5 . The low primary air velocity and the strongly swirled secondary and tertiary air streams generate a large, strong internal recirculation zone. The burner design (larger core tube diameter) creates a highly mixed region inside the burner quarl, thus allowing the hot recirculated gases to enter closer to the burner. The reverse flow draws hot combustion products back toward the burner inlet providing the high heat input required to release and ignite the volatiles and, as a result, to stabilize the low volatile coal flame. The predicted internal recirculation zone has a length of about 6 m and is highly sensitive to the inlet swirl distribution. The maximum temperature of 1846 o C is achieved on the edge of the recirculation. After leaving the primary air duct, the air/pf flow is "absorbed" by the highly swirled secondary and tertiary airflows and forms a main gas/particle stream that surrounds the internal recirculation region. The application of the CPD model to the low volatile coal led to the prediction of a volatile release of 16% with the following composition: CH 4 -36%, CO -17.7%, CO 2 -7.8%, 18.6% of light gases, 4.25% of tar, and H 2 O for the balance. The volatiles are released mainly in the region where the hot gases from IRZ contact the air/coal flow as can be seen in Figure 6 , where the distribution of the production rate for methane is shown. Some particles penetrate the IRZ and circulate inside it, continuing to release volatiles and burning there. This fact can be observed from the significant concentrations of CH 4 and CO within the recirculation zone, as shown in Figure 6 . The carbon monoxide mass fraction distribution follows the path of the main stream, where, after the devolatilization, CO is produced from the heterogeneous reaction. There is direct contact of the particles with the sidewall, and some slagging should be anticipated on the sidewall between 2 and 3 meters downstream of the burner.
Effect of operating conditions on particle heating
These numerical experiments were undertaken in order to analyze the ignition behavior of the coal particles, namely the initial heating sources for the coal particles once they enter the combustion chamber. The radiative and convective components of the heat transfer to the particles during heating and devolatilization were calculated and are represented in Tables 6 and 7 , respectively, for the pilot plant-scale and for the full-scale burner case.
Pilot scale
From all the results presented, it is observed that radiation is the main mechanism for particle heating, as can be seen in Table 6 . Radiation to the particle was calculated based on the irradiation calculated by the discrete ordinates method. As can be seen from the results, the particles are heated very rapidly by the radiation (the radiative component ranges between 1800 and 800 kJ/kg for the different cases) and the surrounding gas cools them by convection (from 500 to 1400 kJ/kg). The difference between the two components represents the net heat received by the particle to the end of devolatilization. The irradiation is greater than the gas emissivity power due to the influence of the surrounding hot gases and walls that are at a higher temperature than the incoming airflow. If the radiation component were to be calculated from the local gas emission, the radiation contribution would be much lower and insensitive to the variation of wall temperature. Particle heating is much slower considering local gas properties, and the contribution from radiation represents a small fraction of the total (about 15%).
As can be seen, reducing the wall temperatures by 10% (120 o C) leads to a significant reduction (55% compared to the basic case) in the heat transfer to the particles due to radiation, which leads to a change in the convective term also. This means that the particles initially receive less heat to release the volatiles, so ignition is more difficult.
As can be seen from Table 6 , lowering the primary air temperature increases the total heat received by the particles to complete devolatilization. This is because more heat is required to reach the end of devolatilization due to the lower inlet temperature. Thus, the processes of initial particle heating and the subsequent devolatilization are extended in time, which may lead to difficulties in obtaining a stable flame.
Decreasing the primary airflow rate by 10% decreases the net heat required for the particle devolatilization. The net heat received by the particle is lower compared to the base case to complete the devolatilization, but the distribution of the two components is the same.
Comparing the test case results, it is seen that for the ENEL single-burner test facility the wall temperature has the most significant impact on the heat transfer to the particles. Due to the lower local radiative intensity, the particles heat up more slowly, and, as a result, the intensity of heating and devolatilization processes decreases. As fast devolatilization is a precondition for obtaining a stable flame, the effect of the wall temperature should be taken into account, especially in the case of low volatile coal combustion. 
Full-scale burner
Considering the full-scale burner analysis in Table 7 , one can see that for all the cases convection is the dominant heat transfer mechanism to the particle. The radiation contribution is mainly to cool the particle. This result is very different from those obtained for the pilot-scale burner case, although it can be influenced by the assumed boundary conditions at the metal surfaces of the burner or/and by the furnace geometry. Comparing the investigated cases, it can be seen that in general the influence of the different parameters is similar to that obtained for the pilot scale burner. Reducing the wall temperature by 10% leads to a significant decrease in the radiative component, thus increasing the convective contribution to the total heat received during the devolatilization. Reducing the primary air temperature leads to an increase in the total heat received by the particles to the end of the devolatilization; the net heat remains the same as the base case. The net heat received when reducing primary airflow rate is lower than in the reference case, but the component distribution does not change. The radiation contribution calculated from the local gas temperature to the particles shows, for all cases, levels of the order of 50 kJ/kg (positive contribution to the particle heating), which is quite different from the values calculated from the irradiation (except when lowering primary air temperature, where similar results are obtained). The model sensitivity to the modifications considered, using the local gas temperature to calculate both convection and radiation, is significant.
CONCLUSIONS
The numerical model of pulverized coal burners was improved with the inclusion of the discrete ordinates method for radiation and the chemical percolation model for devolatilization. A combustion scheme with four reactions was included, using the series process approach to couple with the eddy dissipation concept for the gas-phase reactions.
A numerical investigation of low volatile coal combustion has been performed. The combustion processes in two different burners, namely pilot-scale and full-scale burners, have been simulated. The CFD predictions obtained for the pilot plant scale simulation show a good agreement with the measured data. The comparison with the simulations performed shows that the burner aerodynamics is not affected by coal quality in the case of a strongly stabilized flame.
Key parameters influencing the flame stability have been investigated. It was observed that radiation from the furnace walls has the dominant effect in heating the coal particles in the pilot plant-scale burner case. The high wall temperature promotes fast devolatilization, thus creating an expanded open flame with strong recirculation, which is a precondition for its stabilization.
For the full-scale burner, however, the particle heating is mainly by convection. The burner's large core air tube and high air swirl levels allow the hot recirculated gases to enter the burner quarl, thus improving particle ignition and flame stability.
Therefore, the influence of the primary air/coal jet temperature, together with the proposed specific burner design, are of great importance for the effective use of low volatile coals such as anthracite or semi-anthracite in wall-fired boilers.
The model predictions show that the particle-heating mechanisms are very different from pilot to full scale. Results of tests at pilot scale should be carefully extrapolated to full scale. Ministry of Science and Technology of Portugal to Dr. Dobrin Toporov is acknowledged. 
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